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ARTICLE INFO ABSTRACT

Keywords: Photodynamic therapy is emerging as a hopeful method for the treatment of oncological diseases. In the search
Photodynamic therapy of novel therapeutic strategies for colorectal cancer, in this work we reported the photocytotoxic activity of a
Phthalocyanine lipophilic zinc(II) phthalocyanine on a murine colon adenocarcinoma cell line (CT26 cells). The
ii};;rt‘;ﬁs 2,9(10),16(17),23(24) tetrakis[(2-dimethylamino)ethylsulfanyl]phthalocyaninatozinc(II), named Pc9, was en-

capsulated into Tetronic® 1107 polymeric poloxamine micelles (T1107) and assayed in 2D and 3D cell cultures.
We showed that the formulation Pc9-T1107 was efficient to reduce cell viability after photodynamic treatment
both in 2D cultures (ICso 10 = 2 nM) as well as in CT26 spheroids (ICso 370 = 11 nM). Cellular uptake of Pc9-
T1107 was a time- and concentration-dependent process, being the phthalocyanine formulation mainly
incorporated into lysosomal vesicles and endoplasmic reticulum cisterns, but not in mitochondria. Pc9-T1107
also induced the formation of reactive oxygen species immediately after cell irradiation. We also found that the
phototoxic action of Pc9-T1107 was partially reversed in the presence of antioxidants, such as TROLOX and N-
acetyl-cysteine. In addition, we showed that Pc9-T1107 treatment triggered an apoptotic cell death, as suggested
by the detection of pyknotic nuclei, the reduction in the expression levels of procaspase-3 and the increase in
caspase-3 enzymatic activity.

Murine colon carcinoma

1. Introduction

Colorectal cancer (CRC) is the most common malignant disease of
the gastrointestinal tract [1-3]. The incidence rate is higher in
developed countries and many risk factors, including hereditary factors,
obesity, diabetes, food habits or other lifestyle-related factors have been
associated with its occurrence [1-6]. Nowadays, the CRC is the third
most frequent cancer worldwide and the fourth cause of cancer death
[2-5]. Although the introduction of new therapeutic agents has
improved patient response rate [7], the finding of novel strategies with
reduced toxicity and resistance still represents a challenge in the field of
oncology.

Photodynamic therapy (PDT) is a selective and non-invasive method
for the treatment of different types of cancer and other dermatological,
cardiovascular and ophthalmic diseases [8-12]. Unlike conventional
cancer treatments, this therapeutic approach represents an alternative
that can be employed in a variety of endoscopically accessible tumors
with a minimal damage to surrounding normal tissues [8,9,12-15]. PDT
uses a nontoxic photosensitizer which upon irradiation with visible
light produces reactive oxygen species (ROS) that lead to tumor cell

destruction [8-16]. Phthalocyanines (Pcs) have been found to be
optimal photosensitizers for PDT. Besides their well-known chemical
stability, Pcs exhibit a high absorption coefficient in the visible region
of the spectrum, mainly in the photo-therapeutic window
(600-800 nm) where tissue light penetration is optimal, and are also
efficient generators of singlet oxygen [10,16-20].

Targeted drug delivery systems are developed to reduce drug
degradation, prevent harmful side effects, improve drug water solubi-
lization and increase drug bioavailability. Many drug nanocarriers such
as nanoparticles, lipoproteins, liposomes, nanoemulsions, dendrimers
and amphiphilic polymers based micellar systems are extensively used
[21-23]. Among the drug nanocarriers, polymeric micelles-based
nanophotosensitizers show remarkable potential due to their large
solubilization power, more loading capacity, high biocompatibility,
enhanced photodynamic efficacy and higher stability in blood stream
[24-26].

We have previously reported the cytotoxic potency of the lipophilic
phthalocyanine Pc9 (2,9(10),16(17),23(24)-tetrakis-[(2-dimethylami-
no)ethylsulfanyl]phthalocyaninato zinc(II)) incorporated into nanocar-
riers, such as liposomes or polymeric micelles, in a human nasopharynx
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KB carcinoma cell line [27,28]. A higher phototoxic activity was
showed after encapsulation of Pc9 into different poloxamine micelles
(Tetronic®: T1107 or T1307) in comparison with either liposomes or
the unencapsulated phthalocyanine [27,28]. Thus, taking into account
that Pc9 loaded into micelles formulations behaved as a promising
second-generation photosensitizer, we herein decided to examine the
effectiveness of Pc9-T1107 in the murine colon carcinoma CT26 cell
line. We showed that Pc9-T1107 exerted an effective phototoxic
activity both in 2D and 3D cultures. In addition, we demonstrated that
after localizing mainly in lysosome vesicles and endoplasmic reticulum
cisterns, Pc9-T1107 induced an oxidative response mediated by the
generation of reactive oxygen species (ROS), which finally led to some
morphological and biochemical changes typical of an apoptotic cell
death.

2. Materials and Methods
2.1. Chemicals

Synthesis and purification of the sulfur-linked
2,9(10),16(17),23(24) tetrakis[(2-dimethylamino)ethylsulfanyl]phtha-
locyaninatozinc(II), named Pc9 (Fig. 1A), has been previously described
[17]. The probe 2’,7’-dichlorfluorescein diacetate, N-acetyl-L-cysteine,
6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (TROLOX),
Hoechst 33258 and propidium iodide were obtained from Sigma
Chemical (St. Louis, MO). Polyclonal antibodies against actin and
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procaspase-3 were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA). MitoTracker Green FM, ER-Tracker Blue-White DPX and
LysoTracker Green DND-26 were obtained from Invitrogen (Eugene,
OR). Poloxamine Tetronic® 1107 (T1107, MW 15 kDa) was a gift from
BASF (Germany) (Fig. 1B). Caspase substrate Ac-DEVD-AMC (caspase-
3) was obtained from Peptide Institute Inc. (Osaka, Japan).

2.2. Cells and Culture Conditions

Murine colon carcinoma CT26 cells (ATCC CRL-2638) were main-
tained in RPMI-1640 (Gibco BRL) containing 10% (v/v) fetal bovine
serum (FBS, Gibco BRL), 2 mM t-glutamine, 50 U/ml penicillin and
50 mg/ml streptomycin, in a humidified atmosphere of 5% CO, at
37 °C. Human colorectal adenocarcinoma SW480 (ATCC CCL-228), HT-
29 (ATCC HTB-38) and Caco-2 cells (ATCC HTB-37) were grown in
Dulbecco's modified Eagle Medium High Glucose (DMEM; Gibco BRL)
supplemented with 10% (v/v) FBS, 2 mM tr-glutamine, 50 U/ml peni-
cillin, 50 mg/ml streptomycin and 1 mM sodium piruvate.

2.3. Photocytotoxicity in 2D Cultures

CT26, Caco-2, HT-29 and SW480 cells were plated at a density of
2 x 10* cells/well in 96-well microplates and incubated overnight at
37 °C until 70-80% of confluence. Then, the culture medium was

replaced by medium containing 4% FBS and different concentrations of
empty or Pc9-loaded T1107 micelles. After 24 h, compounds were
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Fig. 1. Chemical structure of phthalocyanine 9 (A) and T1107 poloxamine micelles (B).
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removed and cells were exposed to a light dose of 2.8Jcm™ 2

1.17 mW cm ™~ 2, with a 150 W halogen lamp equipped with a 10 mm
water filter to maintain cells cool and attenuate IR radiation. In
addition, a cut-off filter was used to bar wavelengths shorter than
630 nm, as described previously [17]. In parallel, non-irradiated cells
were used to study dark cytotoxicity. Following treatment, cells were
incubated for an additional 24 h period and cell viability was deter-
mined by the MTT reduction assay. The absorbance (595 nm) was
measured in a Biotrack II Microplate Reader (GE Healthcare, Piscat-
away, NY). The cytotoxic effect of 20 nM of Pc9-T1107 was also
determined 24 h after irradiation at different light doses. Alternatively,
cells treated with 20 nM of Pc9-T1107 were exposed to a light dose of
2.8Jcm™ 2 and cell survival was determined at different times after
irradiation. In some experiments, cells were pre-incubated for 1h
before irradiation with different concentrations of antioxidants (TRO-
LOX or N-acetyl-L-cysteine). After light exposure, cells were incubated
for an additional 24 h period and cell number was evaluated by
colorimetric determination of hexosaminidase levels as described
previously [29].

2.4. Cellular Uptake and Outflow of Pc9

CT26 cells (1 x 10° cells/well) were grown overnight at 37 °C on
35 mm Petri dishes. Then, cells were incubated in culture medium
containing 4% FBS with different concentrations of Pc9-loaded T1107
micelles for 24 h in the dark. After harvesting, cells were fixed 45 min
with 1 ml of 70% cold ethanol and finally resuspended in 300 pl of
phosphate-buffer saline (PBS). Drug cellular uptake was measured by
determining the fluorescence emission of Pc9 with a BD Accuri C6 Plus
cell cytometer at 640 nm excitation and 675 nm emission wavelengths.
Cellular uptake was also determined after incubating cells from 30 min
to 24 h in the dark with a 20 nM solution of Pc9-T1107.

CT26 cells (1.5 x 10° cells/well) grown on 6-well microplates were
incubated in culture medium containing 4% FBS and 200 nM of Pc9-
T1107 for 24 h. Then, the medium was replaced by RPMI-1640
containing 10% FBS and cells were incubated for different time-periods.
After harvesting, cells were lysed with 250 ul of dimethylformamide,
and Pc9 fluorescence, corresponding to the amount of photosensitizer
remaining in the cells, was monitored with a Jasco FP-6500 spectro-
fluorometer equipped with a Peltier thermostat at 691 nm excitation
and 695-750 nm emission wavelengths. In order to minimize inner
filter effects, all measurements were done in a 3-mm-pathlength quartz
cell. Emission and excitation slits were set at 3 nm bandwidth.

2.5. Intracellular Localization of Pc9

CT26 cells grown on coverslips were incubated with 100 nM of Pc9
incorporated into T1107 micelle for 24 h at 37 °C in the dark. After
washing with PBS, cells were stained with LysoTracker Green DND-26
(75 nM, 30 min), MitoTracker Green FM (100 nM, 45 min) or ER-
Tracker Blue-White DPX (400 nM, 30 min), as described previously
[27,28]. Cells were fixed for 10 min at room temperature with 4%
paraformaldehyde and then examined by fluorescence with a confocal
microscope Olympus FV 300. Pc9 was excited at 635nm and the
emission was monitored at wavelengths between 655 and 755 nm.
Lysosomes and mitochondria were excited at 473 nm and green
fluorescence was detected at 485-545 nm while endoplasmic reticulum
were excited at 405nm and blue fluorescence was detected at
425-460 nm. Cell nuclei were stained with Hoéechst 33258, excited at
405 nm and detected at 425-460 nm.

2.6. Determination of Intracellular Reactive Oxygen Species (ROS)
Production

The endogenous ROS content was evaluated from the oxidation of

the probe 2’,7’-dichlorfluorescein diacetate (DCFH-DA; Sigma
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Chemical, St. Louis, MO). After diffusing into cells, DCFH-DA is first
deacetylated by esterases and then is oxidized by hydrogen peroxide or
peroxides to produce the fluorescent 2’,7’-dichlorfluorescein (DCF).
CT26 cells were plated at a density of 3 x 10* cells/well in 24-well
microplates and incubated 48 h at 37 °C until 70-80% of confluence.
Then, the culture medium was replaced by RPMI containing 4% FBS
and different concentrations of Pc9-T1107. After 24 h, cells were
washed with PBS and incubated 30 min at 37 °C in the presence of
10 uM DCFH-DA. After removing the probe, cells were irradiated with a
light dose of 2.8 .J cm ™~ 2 in the presence of RPMI containing 10% FBS.
Cells were next solubilized by treating with Triton X-100 (0.1% v/v) in
PBS for 30 min, and the green fluorescence of DCF was detected in a
PerkinElmer LS55 Fluorometer (PerkinElmer Ltd., Beaconsfield, UK)
using 488 nm excitation and 530 nm emission wavelengths. After
10 min of incubation with a final concentration of 50 uM propidium
iodide (PI), DNA content was estimated from the fluorescence intensity
of DNA-PI complex at excitation and emission wavelengths of 538 and
590 nm, respectively. Results were expressed as the ratio between DCF
and PI fluorescence. Alternatively, ROS production was examined using
a fluorescence Olympus BX50 microscope and quantified with the
Image J software.

2.7. Formation of 3D Tumor Spheroids and Photocytotoxicity Study

The liquid overlay technique was used to generate spheroids [30].
Briefly, CT26 cells were plated at a density of 2 x 10* cells/well in U-
shaped 96-well microplates pre-coated with 200 pl of 1% agarose. The
formation of spheroids was checked by optical microscopy. Spheroids'
size (volume) was examined by digital photography and analyzed using
the Image J software. The average diameter of each spheroid was
employed to estimate spheroid volume as V = 4/3 x n x (d/2)°. In
order to evaluate Pc9-T1107 cytotoxicity, five spheroids/well, formed
after 72h of seeding, were transferred into 24-well microplates
containing culture medium with 4% FBS and different concentrations
of Pc9-loaded T1107 micelles. After 24 h, compounds were removed
and cells were exposed to a light dose of 2.8 J cm ™ 2. In parallel, non-
irradiated spheroids were used to study dark cytotoxicity. After an
additional 24 h period, cell viability was determined by the MTT
reduction assay.

2.8. Nuclear Damage

CT26 cells were grown for 24h on coverslips in the absence
(control) or presence of different concentrations of Pc9-T1107.
Immediately after irradiation, cells were washed twice with PBS and
coverslips were fixed for 10 min at room temperature with 4%
paraformaldehyde. After washing, Hoechst 33258 (2 pug/ml) was em-
ployed to stain nuclei. Images were collected with a confocal micro-
scope Olympus FV 300 (excitation at 405nm and detection at
425-460 nm).

When CT26 spheroids were employed, cells were incubated in
culture medium containing 4% FBS and 740 nM Pc9-T1107. After
24 h, cells were washed, irradiated, incubated for an additional 24 h,
fixed and finally stained with Hoechst 33258 (2 ug/ml) for 1 h at 37 °C.
Nuclei were visualized with the confocal microscope Olympus FV 300.

2.9. Western Blot Assays

CT26 cells were incubated during 24 h with a 20 nM solution of
Pc9-T1107, then washed with PBS and exposed to a light dose of
2.8Jcm™ % After irradiation, suspensions containing 1 x 10° cells
were immediately lysed for 30 min at 4°C in 10 pl of lysis buffer
(0.5% Triton X-100, 1 ug/ml aprotinin, 1 ug/ml trypsin inhibitor, 1 pg/
ml leupeptin, 10 mM Na4P,0,, 10 mM NaF, 1 mM Na3VO,, 1 mM
EDTA, 1mM PMSF, 150mM NaCl, 50mM Tris, pH7.4).
Alternatively, irradiated cells were incubated for different time-periods
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at 37 °C and then cell lysates were prepared. Clear supernatants were
obtained after centrifugation at 17,000 X g for 10 min at 4°C and
protein concentration was determined using Bradford reagent. When
CT26 spheroids were employed, cells were incubated in culture
medium containing 4% FBS and 2 X ICs, concentration of Pc9-
T1107. After 24 h, cells were washed, irradiated, incubated for an
additional 18-24 h and then washed again. Spheroids were incubated
for 10 min in 0.25% trypsin-PBS at 37 °C and afterwards disintegrated
using a pipette. Immediately, culture medium containing 10% FBS was
added. Aliquots containing 50 ug of protein were resuspended in
0.063 M Tris/HCI, pH 6.8, 2% SDS, 10% glycerol, 0.05% bromophenol
blue, 5% 2-ME, submitted to SDS-PAGE and then transferred onto
nitrocellulose membranes (GE Healthcare, Piscataway, NY) for 1 h at
100V in 25 mM Tris, 195 mM glycine, 20% methanol, pH 8.2. After
blocking with 10 mM Tris, 130 mM NaCl and 0.05% Tween 20, pH 7.4,
containing 3% bovine serum albumin (BSA), membranes were treated
as the usual western blotting method. Immunoreactive proteins were
visualized using the ECL detection system (Amersham Biosciences,
Piscataway, NY) according to the manufacturer's instructions. For
quantification of band intensity, Western blots were scanned using a
densitometer (Gel Pro Analyzer 4.0). Equal protein loading was
confirmed by reprobing membranes with a rabbit anti-actin antibody
(Sigma-Aldrich, Inc., Missouri, USA).

2.10. Caspase Activity Assay

After incubating CT26 cells for 24 h with a 20 nM solution of Pc9-
T1107, cells were washed and then irradiated with a light dose of
2.8Jcm™ 2 as previously described. Cells were then incubated for
different time-periods at 37 °C and 1 x 107 cells were lysed for 30 min
at 4°C in 50 pl of lysis buffer (10 mM HEPES, pH 7.4, 50 mM NacCl,
2mM MgCl,, 5mM EGTA, 1 mM PMSF, 2 ug/ml leupeptin, 2 ug/ml
aprotinin) followed by three cycles of rapid freezing and thawing. Cell
lysates were centrifuged at 17,000 X g for 15 min and total protein
concentration was determined using Bradford reagent. Aliquots con-
taining 100 pg of protein were diluted in assay buffer (20 mM HEPES,
132 mM NacCl, 6 mM KCl, 1 mM MgSOy,, 1.2 mM K,HPO,, pH 7.4, 20%
glycerol, 5 mM DTT), and incubated at 37 °C for 1 h with 50 uM of the
fluorogenic substrate for caspase-3 (Ac-DEVD-AMC). Cleavage of the
substrate was monitored by AMC release in a SFM25 Konton
Fluorometer at 355 nm excitation and 460 nm emission wavelengths.

2.11. Statistical Analysis

+

The values are expressed as mean S.E.M. Statistical analysis of
the data was performed by using the Student's t-test or one way analysis
of variance (ANOVA) followed by Dunnett post-hoc test where appro-
priate. p < 0.05 denotes a statistically significant difference.

3. Results
3.1. Photocytotoxicity in 2D Cultures

In order to examine the cytotoxic action of Pc9 loaded into T1107
micelles on different colon carcinoma cell lines (CT26, Caco-2, HT-29,
SW480), we first evaluated the effect of empty micelles on cell survival
by using the MTT assay. As shown in Fig. 2A for CT26 cells, the micellar
formulation did not affect cell survival either in the dark or in the
presence of a light dose of 2.8 J cm™ 2, indicating that T1107 did not
show a cytotoxic effect up to a 0.5% concentration. Similar results were
obtained on the other tumor cell lines (data not shown). On the other
hand, a cytotoxic effect was effectively observed after irradiation of
Pc9-T1107-loaded CT26 cells, being the 50% inhibition of cell prolif-
eration (ICsg value) achieved at a concentration of 10 + 2 nM (Fig. 2B,
Table 1). A comparable pattern of reactivity was found on the other
cancer cell lines (Table 1). Further studies were then performed with
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CT26 cells. The photocytotoxicity of a 20 nM concentration of Pc9-
T1107 on CT26 cells was next evaluated at different light doses. A light
dose-dependent decrease of cell viability was shown, reaching the
maximum effect at a PDT light dose of 2.8 J cm™ 2 (Fig. 2C).

Since the cytotoxic action of Pc9-T1107 was initially determined
24 h post-irradiation (p.i.), we further examined cell survival kinetics at
shorter times after irradiation. As shown in Fig. 2D, when cells were
incubated with 20 nM of Pc9-T1107, cell viability decreased and
declined gradually from 3 to 24 h p.i. A reduction in the number of
cells together with a change in cell morphology was evident after
visualizing cells by phase contrast microscopy (Fig. 2E).

3.2. Uptake, Outflow and Intracellular Localization of Pc9-T1107 in CT26
Cells

The cellular uptake of a 20 nM concentration of Pc9 incorporated
into T1107 micelles was determined after incubating CT26 cells in the
dark for different times (Fig. 3A). A significant uptake was detected
after 30 min of treatment, and a constant intracellular concentration
was reached after 6 h of incubation and maintained for at least 24 h. In
addition, it was demonstrated that Pc9-T1107 was incorporated into
CT26 cells in a lineal concentration-dependent manner, suggesting that
the uptake is a non-saturable process up to a 100 nM Pc9 concentration
(Fig. 3B). The kinetics of Pc9 outflow was also studied after incubating
Pc9-loaded CT26 cells in culture medium free of photosensitizer. A
significant decrease in the intracellular amount of Pc9 was observed
after 3 h of incubation, declining this amount gradually up to 48 h, the
maximal tested time (Fig. 3C).

The intracellular localization of Pc9-T1107 was further studied by
confocal microscopy. As shown in Fig. 3D, the typical red fluorescence
emission of Pc9 was mostly observed in the cytosol after incubating
CT26 cells for 24 h in the dark. No nuclear Pc9 entrance was evident, as
suggested by the lack of overlay of the red fluorescence of Pc9 and the
Hoechst 33258 nuclear signal (Fig. 3D). The subcellular localization of
Pc9-T1107 was further studied after incubating CT26 cells for 24 h in
the dark and staining them with fluorescent dyes for specific organelles,
such as LysoTracker Green for lysosome, ER-Tracker Blue-White for
endoplasmic reticulum, and MitoTracker Green for mitochondria.
Images obtained by confocal microscopy showed that the red fluores-
cence of Pc9 co-localized with the green fluorescence of the specific
lysosome probe (yellow vesicles) and the blue fluorescence of the ER
probe (violet vesicles) (Fig. 4). No overlapping was observed between
the red signal of Pc9 and the green fluorescence of the mitochondria
probe, indicating that Pc9 did not localize in this organelle (Fig. 4).

3.3. Intracellular Production of ROS in Pc9-T1107 Treated-cells

We have previously studied the photodynamic properties of Pc9
encapsulated into different micelles, including T1107, and demon-
strated that all Pc9-loaded micellar formulations were capable of
generating singlet molecular oxygen [28]. In this study, we decided
to examine the formation of ROS after irradiation of CT26 cells pre-
treated with different concentrations of Pc9-T1107. Quantitative eva-
luation of ROS levels was performed immediately after cell irradiation
with the probe DCFH-DA, which is oxidized to the green fluorescent
DCF in the presence of ROS. Results showed in Fig. 5A revealed that
ROS levels significantly increased from a 10 nM Pc9-T1107 concentra-
tion, which represents the ICso value, up to a 50 nM concentration. A
concentration-dependent increase in the green DCF fluorescence was
also observed by fluorescence microscopy of irradiated cells treated
with Pc9-T1107 (Fig. 5B).

The effect of different concentrations of two antioxidants, TROLOX
and N-acetyl-cysteine (NAC), on the antiproliferative action induced by
Pc9-T1107 was further explored. Both antioxidants partially reversed
the inhibitory effect of Pc9 on cell survival, suggesting that ROS are
mediating Pc9-triggered cell death (Fig. 6A and B). While NAC did not
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Fig. 2. Effect of T1107 and Pc9-T1107 on CT26 cell viability. Different concentrations of T1107 micelle (A) or Pc9-T1107 (B) were incubated with CT26 cells in the dark (@) or exposed to
a light dose of 2.8 J cm ™ 2 (O). CT26 cells were incubated with or without Pc9-T1107 (20 nM) and exposed to different PDT light doses (C) or to a light dose of 2.8 J cm ™ 2 (D). The MTT
assay was carried out after 24 h (C) or at different times after irradiation (D) as described under Materials and Methods. Results are expressed as the percentage of cell survival with
S.E.M. of five different experiments. **p < 0.005, ***p < 0.0001, significantly different from
non-irradiated cells. (E) Phase contrast images of CT26 cells at different times post irradiation. Magnification: 100 x.

respect to that obtained in the absence of Pc9-T1107 (control) and represent the mean

Table 1
Photocytoxicity of Pc9-T1107 in colon carcinoma cell
lines.

Cell line 1Cso (nM)*

CT26 1
Caco-2 1
HT-29 6
SW480 6

0 2
1 1

+
+

1
1

I+ I+

2 The molar drug concentrations required to cause
50% growth inhibition (ICso) were determined from
dose-response  curves. Results represent the
mean + S.E.M. of at least three different experi-
ments.

show a cytotoxic effect on cells incubated in the absence of Pc9-T1107,
a reduction in cell survival was determined for unloaded cells exposed
to 10 mM TROLOX. The protective effect of 5 mM TROLOX, a non-toxic
concentration, was also evident by phase contrast microscopy (Fig. 6C).

3.4. Photocytotoxicity in 3D Cultures

Since spheroids are a suitable in vitro model to approach the
knowledge of the in vivo behavior of drugs [30,31], the cytotoxic effect
of Pc9 micellar formulation was also determined in 3D cultures. When

+
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different concentrations of Pc9-T1107 were incubated with CT26
spheroids, no effect on cell survival was evident in the dark, while a
significant decrease was shown after irradiation, being the ICs, value of
370 = 11 nM (Fig. 7A). As a result, after incubating spheroids for
different periods of time, the volume of Pc9-treated spheroids was
smaller than non-treated spheroids (Fig. 7B). Furthermore, spheroid
growth kinetics was dependent on Pc9 concentration. Thus, a more
pronounced Pc9 growth inhibitory effect was obtained with 5 x ICsq of
Pc9 (Fig. 7B and C).

3.5. Pc9-T1107 Induced an Apoptotic Cell Death

In order to examine the mechanism of cell death induced by Pc9-
T1107, 2D CT26 cultures exposed to different concentrations of
photosensitizer were stained with Hoechst 33258 and visualized with
a confocal microscope. As shown in Fig. 8A, highly condensed nuclei
characteristic of apoptotic cells were observed at ICso or 2 X ICsq of
Pc9-T1107. For 3D CT26 spheroids, the presence of nuclei with
chromatin condensation was more evident at 2 X ICsq of Pc9-T1107
(Fig. 8B). We further examined the involvement of the executioner
caspase-3 in the apoptotic response induced by Pc9-T1107. A signifi-
cant decrease in the expression levels of procaspase-3 was detected
immediately after irradiation of CT26 cells preloaded with 2 x ICsq of
Pc9-T1107 (20 nM), suggesting the activation by cleavage of the
inactive procaspase (Fig. 8C). A reduction of procaspase-3 levels was
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Fig. 3. Cellular uptake and outflow of Pc9-T1107. CT26 cells were incubated in the dark either with a 20 nM concentration of Pc9-T1107 for different time-periods (A) or with different
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localization of Pc9 was visualized by confocal microscopy after incubating CT26 cells for 24 h in the dark. Scale bar 5 um. (For interpretation of the references to color in this figure, the

reader is referred to the web version of this article.)

also shown 18 h and 24 h after light exposure of CT26 spheroids treated
with 2 X ICso of Pc9-T1107 (740 nM) (Fig. 8D). The activation of
caspase-3 in 2D CT26 cultures was also confirmed with a fluorescent
activity assay. A slight increase in caspase-3 proteolytic activity seems
to be detected at 1h p.i., but significant increments were certainly
obtained at 3h and 24 h p.i. (Fig. 8E).

4. Discussion

PDT is a selective and non-invasive procedure that should be
considered as an alternative strategy for cancer treatment [8,12,32].
In particular, the use of PDT in patients with CRC seems to be a safe and
promising therapeutic modality. In this sense, several clinical trials with
positive results employed PDT in the treatment of both precancerous
conditions as well as advanced stages [33]. These clinical studies
mainly evaluated the efficacy of various photosensitizers, such as 5-
aminolevulinic acid and hematoporphyrin or chlorine derivatives for
the treatment of CRC patients [33-35]. The phthalocyanines (Pcs) arose
as a second-generation of photosensitisers which are activated at
wavelengths around 670 nm, a region where light penetration into

tissues is optimal [20,36]. The clinical response of some aluminium and
silicon phthalocyanines has been assessed in phase I/1I studies applied
to the treatment of lung, esophageal and cutaneous malignancies
[37,38], but no clinical trial has evaluated the photodynamic efficiency
of phthalocyanines as photosensitizers in the treatment of patients with
CRC [39]. In this work, the potential of a lipophilic phthalocyanine
(Pc9) encapsulated into T1107 polymeric micelles was evaluated in
colon carcinoma cells. Since the poor solubility of Pc9 under physio-
logical conditions correlates with a low bioavailability and a decrease
in the photodynamic efficiency, polymeric micelles were employed as
proper nanocarriers to prevent the aggregation of Pc9. These micelles
have nanosize (10-100 nm) and spherical supramolecular core/shell
structures formed by self-assembly of amphiphilic copolymers at
physiological conditions. The nanoscale polymer assemblies of the
poloxamine micelle T1107 can incorporate the water-insoluble Pc9 in
their hydrophobic core, protect them against chemical or biological
degradation and avoid the reticuloendothelial system's uptake [40].
Moreover, polymeric micelles display several advantages over other
excipients currently used in parenteral formulation in clinical practices
for anticancer drugs such as dimethylsulfoxide, ethanol, polysorbate 80
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Fig. 4. Intracellular localization of Pc9-T1107. CT26 cells incubated for 24 h with 100 nM of Pc9-T1107 were stained with LysoTracker Green DND-26 (75 nM, 30 min), ER-Tracker Blue-
White DPX (1000 nM, 30 min) or MitoTracker Green FM (100 nM, 45 min) as indicated in Materials and Methods. Red fluorescence corresponds to Pc9-T1107, green fluorescence
represents the signal for lysosomes or mitochondrias, and blue fluorescence represents the ER signal. Scale bar 30 um. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

(Tween 80°®) and polyethoxylated castor oil (Cremophor EL®). They are
safer for intravenous administration, they are more physically stable
under dilution and they improve the bioavailability because they
solubilize drugs more effectively [41].

The efficiency of the Pc9 formulation as a photocytotoxic agent was
demonstrated not only in a conventional 2D culture model (ICsq
10 + 2nM), but also in 3D cultures of colon malignant cells (ICsq
370 = 11 nM). In addition, we found a concentration-dependent
growth reduction of Pc9-treated spheroids at different days after
treatment. In accordance with other reports, the photosensitizer
cytotoxic effect appeared to be less potent in 3D than in 2D cultures,
a result that could be explained by some features of the spheroids
resembling more an in vivo tumor, including the existence of a gradient
of nutrient and oxygen, and the different light doses and photosensitizer
concentration at the core or the edge of the spheroid [42-45].

We showed that Pc9 incorporated into T1107 micelles displayed
some features required for a suitable photosensitizer [8,10-12,46].
Thus, Pc9 exerted a potent photocytotoxic effect on different colon
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carcinoma cell lines, without affecting cell survival in the dark. In
addition, Pc9-T1107 induced the formation of reactive oxygen species
upon CT26 cell irradiation. As it has been reported for other photo-
sensitizers, these cytotoxic species are indeed mediating the oxidative
damage that finally leads to cell death [8,47-49]. In this regard, the
significant reversion of the growth inhibitory activity induced by Pc9-
T1107 in the presence of antioxidants, such as TROLOX and NAC,
indicated that ROS are certainly involved in CT26 death.

After studying the intracellular localization, we found that Pc9-
T1107 mainly targeted lysosomes and endoplasmic reticulum. Based on
the short lifetime and the short radius of diffusion of singlet oxygen,
both lysosomes and endoplasmic reticulum would represent the pri-
mary sites that initiate the cascade of molecular events that finally lead
to cell photodamage [50,51]. Although the intracellular location may
vary according to the photosensitizer and the cell line studied,
mitochondrial and/or lysosomal localization has been reported for
chlorine, diarylporphyrin and 5-ALA derivatives evaluated in vitro in
different colon carcinoma cells [52-54]. Based on our results, further
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Fig. 5. Effect of Pc9-T1107 on ROS formation. (A) ROS levels were quantified with a fluorometer immediately after irradiation of Pc9-T1107-loaded CT26 cells as described in Materials
and Methods. DNA content was estimated after incubating with PI and results are expressed as the ratio between DCF and PI fluorescence (mean = S.E.M.,n = 3, **p < 0.005). (B)
Alternatively, ROS formation was detected in CT26 cells plated on coverslips with a fluorescence microscope (upper panel). Cell morphology was examined by phase contrast microscopy
(lower panel). Relative intensity of fluorescence was determined with the Image J software; results represent the mean + S.E.M.,n = 3, **p < 0.0001, significantly different from cells
incubated in the absence of Pc9-T1107; “p < 0.0001, significantly different from cells incubated with 10 nM Pc9-T1107. Scale bar 100 pm.

studies will be required to investigate the role played by lysosomes and Pc9-T1107 in CT26 cells. Thus, after PDT treatment, we observed the

endoplasmic reticulum in the photocytotoxic action induced by Pc9- presence of both morphological and biochemical characteristics that
T1107 in CT26 cells. support the induction of an apoptotic cell response. In particular, the
We also found some evidence of the cell death modality induced by decrease in the expression levels of procaspase-3 detected both in 2D as
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Fig. 6. Effect of antioxidants on PDT-induced cell death. After photodynamic treatment with a 10 nM concentration of Pc9-T1107, cell growth was determined in the absence or presence
of different concentrations of TROLOX (A) or NAC (B) by the hexosaminidase method [29]. Results represent the mean + S.E.M.,n = 3,*p < 0.05, **p < 0.005, significantly different
from cells treated with Pc9-T1107 in the absence of antioxidants; “p < 0.0001 significantly different from control (absence of Pc9-T1107). (C) Morphology of CT26 cells loaded or not
with Pc9-T1107 and incubated with or without 5 mM TROLOX. Magnification: 200 X .
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Fig. 7. Pc9-T1107-induced cytotoxic effect on CT26 spheroids. (A) Different concentrations of Pc9-T1107 were incubated with CT26 spheroids in the dark (@) or exposed to a light dose
of 2.8 Jcm™ 2 (O). MTT assay was performed 24 h after treatment. (B) Growth kinetics of spheroids incubated in the absence (@) or presence of ICso (O) or 5 X ICsq of Pc9-T1107 ().
Results represent the mean + S.E.M., n = 3, *p < 0.05, significantly different from spheroids incubated in the absence of phthalocyanine, *p < 0.05, significantly different from
spheroids incubated with ICso of Pc9-T1107. (C) Phase contrast images of CT26 spheroids incubated in the absence or presence of different concentrations of phthalocyanine before

irradiation or 15 days after treatment. Magnification: 40 x.

well as in 3D cultures suggested the involvement of the executioner
caspase-3, a cysteine protease that cleaves a variety of cellular
substrates responsible for the typical changes that occur during
apoptosis [55-58]. This first evidence of an apoptotic death was then
confirmed by the increase in the proteolytic activity of this protease,
although further experiments will be required to assess the involvement
of the cell death receptor pathway and/or the mitochondrial pathway.
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Other authors, using polymeric micelles-based photosensitizers, includ-
ing phthalocyanines and Photofrin, have also reported the induction of
photodamage through the activation of an apoptotic type of cell death
[24,25]. Despite these findings, the contribution of other cell death
programs, such as necrosis or autophagy, in the photocytoxic action
triggered by Pc9 in colon cancer cells cannot yet be discarded.
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Fig. 8. Induction of an apoptotic response after PDT. CT26 cells incubated with different concentrations of Pc9-T1107 were stained immediately after irradiation (A) or 24 h post-
irradiation (B) with Hoechst 33258. Control corresponds to non-irradiated cells. Cell nuclei from 2D (A) and 3D (B) cultures were visualized with a confocal microscope. Magnification:
400 x (A), 600 x (B). (C) CT26 cells exposed to 2 x ICso of Pc9-T1107 were irradiated (0 h p.i.), incubated for 1 or 3 h and submitted to Western blot assays. Non-treated cells were used
as control. (D) Western blot analysis of procaspase-3 from CT26 spheroids exposed to 2 X ICso of Pc9-T1107 and incubated 18 h or 24 h post-irradiation. Densitometric analyses,
expressed as the relationship of procaspase-3 from Pc9-treated cells (C) or Pc9-treated CT26 spheroids (D) with respect to non-treated cells, correspond to mean + S.E.M. of three
different experiments. *p < 0.05; **p < 0.005, significantly different from control. (E) After incubation of 2D CT26 cultures for 24 h with 2 X ICso of Pc9-T1107, cells were irradiated,
lysed and caspase-3 activity was measured at different times by using a fluorometer.
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Fig. 9. Proposed model of Pc9-induced cell death in CT26 cells. The formation of ROS
after irradiation in the primary sites of Pc9 accumulation leads to the cleavage of the
procaspase-3 and the detection of pyknotic nuclei, suggesting the induction of an
apoptotic response.

5. Conclusion

In summary, we demonstrated that the lipophilic Pc9 phthalocya-
nine encapsulated into T1107 poloxamine micelles is internalized and
mainly accumulated in lysosomes and endoplasmic reticulum. These
organelles represent the primary sites of ROS formation, the cytotoxic
species that initiate the series of events contributing to cell death
(Fig. 9). The effectiveness of this formulation as a photocytotoxic agent
that induces an apoptotic cell death was demonstrated in 2D as well as
in 3D culture models. Since spheroids models are a good option to
approach closer to the structure of the tumor developed in vivo, these
findings encourage us to evaluate the effect of Pc9-T1107 in a murine
colon carcinoma model.
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